In the study described here a perfusion-di alysis system was used for recording ionic changes in the hippocampus during ischemia. Local perfusion with a Ca2+ entry blocker (verapamil) inhibited the fall in extra cellular Ca2+ concentration which occurs in ischemia. The data consequently suggest that intracellular Ca2+ ac-Griffith, 1983).
It has been proposed that Ca2+ plays an impor tant role in the pathogenesis of irreversible ischemia in liver (Trump et al., 1980; Farber, 1982) and heart (Nayler, 1982) . A disturbance in the Ca2+ homeo stasis of the ischemic cell has been suggested to be one factor of importance in the induction of cellular injury in the nervous system (Raichle, 1983) . It has been claimed that an increased intracellular Ca2+ concentration activates phospholipases with a re sulting release of toxic lipid catabolites, e.g., free fatty acids and leukotriens (Ma yewska et aI., 1977; Wieloch and Siesjo, 1982) .
The Ca2+ antagonist nimodipine, administered to dogs during a 10-min period of complete brain isch emia, has recently been shown to improve post ischemic neurological recovery (Steen et aI., 1983) . The effect was paralleled by enhanced postischemic blood flow which was attributed to the vasodilata tory effects of Ca2+ antagonists (Brandt et aI. , 1983) . However, a direct protective effect on brain parenchymal cells should not be ruled out, partic ularly because the inward Ca2+ current of hippo campal neurons in incubated tissue slices is inhib ited by the Ca2+ antagonist verapamil (Brown and cumulation during ischemia can be blocked. A Ca2+ an tagonist such as verapamil may thus improve post ischemic neuronal recovery via a direct effect on paren chymal cells in addition to the previously suggested vas cular effects. Key Words: Cerebral ischemia-Inhibition of Ca2+ accumulation-Verapamil.
Electrolyte changes in the extracellular fluid of the brain have been measured with ion-sensitive electrodes during ischemia in rats (Hansen, 1977; Nicholson et aI., 1977; Hansen and Zeuthen, 1981) , cats (Hossmann et aI., 1977) , and primates (Harris et aI., 1981) . The extracellular potassium concen tration increases slowly during the initial phase of ischemia. This is followed by a faster increase as sociated with a concomitant rapid decrease in the extracellular Ca2+ concentration from 1.2 to �0.3 mM. This decrease in extracellular Ca2+ has been interpreted to reflect intracellular Ca 2 + accumula tion simultaneous with the massive depolarization (Harris et aI., 1981) .
The objectives of the present article are to eval uate (1) the application of in vivo hippocampal di alysis (Lehmann et aI., 1983) in monitoring changes in extracellular ion concentrations during cerebral ischemia, and (2) the effect of a Ca2+ antagonist (verapamil), applied intracerebrally, on Ca2+ and K + fluxes during ischemia.
MATERIALS AND METHODS
Eleven male rabbits (1.5-2.0 kg, New Zealand White strain) were used.
In vivo perfusion of the hippocampus
The technique for implantation of a dialysis fiber for hippocampal perfusion has been described previously (Lehmann et aI., 1983) . In short, a dialysis fiber (10 mm long, 0.3 mm outer diameter) was inserted transversely into the anterior part of the hippocampus after bilateral bone trepanation in rabbits anesthetized with fluani sonium-fentanyl (Hypnorm Vet®) 0.6 ml/kg and diazepam (Stesolid®) 1 mg/kg. The dialysis fiber was connected to nylon tubing at both ends, thus allowing continuous per fusion through the fiber. The surgery was performed under sterile conditions and was completed in less than 60 min. The rabbits were given 100 mg chloramphenicol succinate intravenously after surgery. They were com pletely recovered after a few hours, and the perfusion experiments were started after 24 h.
Experimental design
The conscious rabbits were kept unrestrained in a large Perspex® container. The nylon tubing attachment on one side of the head was connected to a pump (U nita 1, Braun Company) which delivered Krebs-Ringer bicarbonate medium at a rate of 2.5 ILl/min. Samples of the perfusate (25 ,..., l) were collected throughout the experiment. The Krebs-Ringer bicarbonate medium had the following composition: 112 mM NaCl, 3 mM KC1, 1.2 mM MgS04, 0.4 mM KH 2 P04, 25 mM NaHC03, and 1. 35 mM CaCI 2 . In five experiments verapamil (Knoll Company) was added (100 ,..., M) to the perfusion medium.
Experimental protocol
The animals were randomized into two groups. The control group (n = 4) was perfused with Krebs-Ringer bicarbonate medium, and in the experimental group (n = 5) verapamil was included in the medium to a final con centration of 100 ,..., M. After three samples had been col lected during 30 min to ensure a steady state, saturated MgCl 2 (5 m!) was infused via the ear vein. This led to immediate cardiac arrest (Hansen, 1977) .
During the 50-min ischemic period which followed, five more samples were collected from the dialysis fiber in the hippocampus. Free Ca2+ and K + concentrations in the samples were determined as follows.
Electrode measurement of Ca2+ and K + concentrations Ca2 + -and K + -sensitive minielectrodes were con structed according to previously described principles (Hill et al., 1978; Affolter and Sigel 1979; Hagberg and Haljamae, 1981) . The ionophore ETH 1001 was used in making the Ca2+ -sensitive membrane, and valinomycin was used as the K+ sensor (Lavinia et aI., 1969) . High input impedance amplifiers were used for the recordings (Hagberg et al. 1983 ). The samples were transferred to 25-,..., 1 Te flon cups. The electrodes were immersed in the sample, and stable potentials were usually reached within 30 s. Calibrations were made before and after each series of measurements with Krebs-Ringer bicarbonate of an ionic composition similar to that of the perfusion medium. Verapamil, added to the calibrating solutions, had no ef fect on the electrode readings for Ca2 + or K + .
In vitro model experiments
Dialysis fibers (10 mm long, 3 mm outer diameter) were immersed in a thermostated bath (23°C) containing Krebs-Ringer bicarbonate medium and perfused at 2.5 ,..., l! min. The ionic composition of the bath was then switched from normal Krebs-Ringer bicarbonate medium to a low Ca2+ (0.3 mM)-high K + (40 mM) medium (K + replacing J Cereb Blood Flow Metabol, Vol. 4, No.2, 1984 Na + to keep the ionic strength constant). Perfusate sam ples were taken every 10 min and analyzed for Ca2+ and K+.
The basic properties of the dialysis tube with respect to ion permeability have been extensively examined in a separate study (J. W. Lazarewicz, H. Hagberg, and A. Hamberger, unpublished observations). The transport of Ca2+ was studied as a function of the rate of perfusion through a dialysis fiber immersed in a bath in which the ion concentrations were changed. The recovery [(con centration in perfusate)/(concentration in dialysate) x 100] decreased from 35% at a perfusion rate of 1.25 ,..., l! min to 8% at 8.3 ,..., l!min in a linear fashion. The recovery for Ca2+ and K + was not per se affected by the addition of verapamil (100 ,..., M). Similarly the perfusate responded linearly to increasing Ca2+ concentrations in the bath me dium. This characterization of the perfusion-dialysis system was performed using nominally Ca2 + -free me dium. In contrast to these calibration studies the "model" experiment and the in vivo experiments were done with a Krebs-Ringer bicarbonate medium in the per fusate containing normal Ca2+ and K + concentrations. This was done because Ca2+ and K + -free perfusates would be highly unphysiological and in addition would cause a continuous "draining" of ions from the extra cellular fluid. The purpose of the model experiment was to prove the validity of this approach. On the other hand, the dialysis technique does not provide figures on the exact extracellular ion concentrations but can establish changes and give a reasonable indication of the actual levels. Figure 1 shows a model experiment in which the bath medium was changed from normal to "isch emic" Ca 2 + and K + levels (Siesjo, 1981) . In the per fusate, Ca 2 + decreased from 1.37 to 1.10 rnM and K + increased from 3.2 to 15.8 mM in the first 10min sample after the change in medium. The K + concentration stabilized after the second 10-min sample at �20 mM.
RESULTS
Electrolyte levels in the hippocampal perfusate before and after the induction of ischemia are shown in Fig. 2 . After induction of ischemia, the Ca 2 + concentration decreased from 1.4 to 1.2 mM and K + increased from 3 to 10 rnM. During con tinued perfusion, K + decreased to 7.5 mM after 50 min, whereas Ca 2 + stabilized at 1.2 rnM throughout the experiments. The ischemic decrease in Ca 2 + was, however, not seen in the verapamil-treated group, while the K + levels were not significantly altered by verapamil.
DISCUSSION
The dialysis fiber technique offers a number of unique possibilities for analytical chemistry of de fined CNS regions in the fully conscious, unre strained animal. The method is well suited for the estimation of ischemic changes in the concentration analyzed for any other compound that penetrates the fiber, e.g., amino acids (Lehmann et aI., 1983) . The in situ changes in Ca 2 + and K + levels after the induction of ischemia were in reasonable agreement with the ionic change in the perfusate in the model experiment in vitro in which the medium was switched from normal to ischemic (0.3 mM Ca 2 + , 40 mM K +) in the bath containing the perfused fiber. In situ, the increase in K + was, however, smaller than expected and subsided over time. This could be due to a certain loss of K + via the fiber. Furthermore, direct measurement of extracellular K + , referred to above, has been made locally with very fine electrode tips (1-3 J.1m) placed in the ce rebral or cerebellar cortex, whereas the implanted dialysis fiber reflects the average extracellular ionic levels in a larger area of hippocampal grey and white matter. A direct effect of Ca 2 + antagonists on CNS pa renchymal cells during ischemia has not been shown previously. However, Ca 2 + antagonists in hibit postischemic accumulation of mitochondrial Ca 2 + in the myocardium (Nayler et aI., 1980; Nayler, 1982) and reduce purine breakdown in the ischemic heart (Dejong, 1982) . A beneficial effect on renal postischemic recovery is observed when verapamil is given before the induction of ischemia (Goldfarb et aI., 1983) . In a recent report, Steen et al. (1983) showed an advantageous effect of the Ca 2 + antagonist nimodipine on neuronal recovery after brain ischemia, an effect which was paralleled by improved postischemic blood flow. According to the "Ca 2 + hypothesis," the cellular Ca 2 + uptake during or after ischemia triggers different processes which may be essential to the ultimate death of the cell (Raichle, 1983) . The present data indicate that verapamil prevents early Ca 2 + uptake during isch emia in the CNS. Ca 2 + antagonists may thus exert direct effects on neuronal and/or glial cells during ischemia, in addition to the suggested improvement of postischemic reperfusion, which also might influ ence the extent of cellular damage induced after ischemic insults.
